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Abstract 
Injection properties of electrons and holes at the interface of electrodes/active layer for blending poly(3-hexylthiophene) (P3HT) 
and methanofullerene [6,6]-phenyl–C61–butyric acid methyl ester (PCBM) based on structures of Au/MoO3/P3HT: PCBM/ 
MoO3/Au as hole dominated device and Al alloy/P3HT: PCBM/Al alloy as electron dominated device were investigated. Both of 
hole and electron injections were ascribed to Schottky thermionic emission mechanism. The barrier height of carrier injection 
was estimated under a simulated air mass (AM) 1.5G spectrum illumination and dark conditions, respectively. The interfacial 
state at Al alloys/ P3HT: PCBM interface was estimated to be 1.4 ×1014 states/cm2/eV under illumination by extrapolating the 
relation of electron barrier heights and work functions using different Al alloys. 
 
© 2010 Published by Elsevier B.V. 
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1. Introduction 
Worldwide awareness of petroleum scarcity and global climate changes has promoted an increasing demand for 
clean and renewable energy sources, pushing forward the realization of third-generation solar cells [1]. Today in the 
solar cells market, most of them are inorganic solar cells. However, due to the high cost of production [2], it is 
difficult to be applied widely. Compared with inorganic semiconductors, organic solar cells (OSCs) have drawn 
broad attention in recent years [3-6] owing to their advantages of low-cost, mechanical flexibility, light weight and 
being deposited on the flexible substrates by utilizing roll-to-roll technology [7]. And encouraging progress in the 
efficiencies has been step by step from less than 1% in the poly (phenylene vinylene) (PPV) system in 1995 [8], to 
4–5% in the poly(3-hexylthiphene) (P3HT) system in 2005 [9], to greater than 7% [10-12]. However, the efficiency 
of OSCs is still significantly lower than other inorganic solar cells, which prevents practical applications in large 
scale [13]. 
One of the key factors which determine the overall performance of OSCs is the charge extraction between 
electrodes and organic layers and carrier transport in organic materials [14,15]. Thus understanding charge injection 
mechanisms and charge transport in organic semiconductors is of fundamental importance for the further improving 
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of electronic and optoelectronic devices. In the past few years, many researchers have been done to improve a 
charge collection. Modification of electrodes has been commonly employed to improve the contact between the 
active organic layer and electrodes [16-18]. However, few of reports address how charges flow from the electrical 
contact to the organic semiconducting material. In this work, we have investigated injection mechanism of electrons 
and holes at the interfaces of electrodes/active layer for blending P3HT and PCBM based on structures of Au/P3HT: 
PCBM/Au as hole-dominated device and Al alloy/P3HT: PCBM/Al alloy as electron-dominated device by fitting 
the current density-voltage (J-V) characteristics measured under a simulated air mass (AM) 1.5G spectrum 
illumination and dark conditions. The barrier height of metal/organic layer interface was depends on not only the 
work function of the metal, but also the interfacial conditions, thus the interfacial state at Al alloys/ P3HT: PCBM 
interface was also estimated . 
2. Experimental 
    The devices was constructed by sandwiching the polymer film between two same electrodes, gold (Au) for hole 
dominated device, and aluminum (Al) alloy: AlLi, AlNd, and AlMg electrodes to construct three different electron 
dominated device. Hole dominated devices having the structure of glass/Au (40 nm)/MoO3 (80nm)/mixed single 
layer (150 nm)/MoO3 (80nm)/Au (10 nm) and electron dominated devices having the structure of glass/Al alloy 
(AlLi, AlNd, and AlMg) (10 nm)/mixed single layer (150 nm)/Al alloy (AlLi, AlNd, and AlMg) (10 nm) were 
fabricated. The organic blend films, mixed with P3HT and PCBM were spin-coated from chloroform solvent with 
1.0 wt% concentration to yield a layer thickness of about 150 nm. This organic layer was then baked at 120ºC for 10 
min. The semitransparent electrodes (d of about 10 nm) were evaporated at pressures of less than 3×10-6 torr. A thin 
MoO3 layer was inserted between Au and organic layer for hole–only device in order to avoid the problem of short 
circuits. The device area was 2×2 mm2. In our experiments, a temperature dependence (-60ºC ~+10ºC ) of current 
density-voltage (J-V) characteristics was measured under a simulated air mass (AM) 1.5G spectrum illumination and 
dark conditions, respectively.The J–V characteristics of all devices were measured by a semiconductor parameter 
analyzer ((HP 4155B). The J–V characteristic at various temperatures was recorded by mounting the sample inside a 
liquid nitrogen cryostat.  
3. Results and discussion 
3.1 Hole dominated device 
The hole injection from the anode Au into the bulk heterojunction active layer was firstly studied. MoO3 layer of 
80 nm was inserted between Au and mixed organic layer in order to avoid the problem of short circuit. The typical 
J-V curves varying with the temperature are shown in Fig. 1(a). It can be assumed that the composition of organic 
materials in active layer was almost uniform because J-V characteristics were symmetrical between forward- and 
reverse-biased conditions.  
 
 
 
 
 
 
Fig.1 (a) J–V characteristics of hole dominated device under different temperature.  (b) Relationship between ln J and V 1/2 of hole dominated 
device. The dot lines are fitted by Schottky thermal emission mechanism. The inset shows the relationship between ln J 0/T 2 and 1/T. 
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From Fig. 1(a), the J-V characteristics shows a clear temperature dependence. Therefore, the hole injection were 
confirmed to be Schottky thermionic emission mechanism. The current density and voltage relationship can be 
expressed as following [19] 
 
 
where J is the current density, J0 is the current density at zero voltage, q the electronic charge, V the applied voltage, 
T the absolute temperature, k the Boltzmann constant, İi the permittivity, and d the thickness of organic layer. Figure 
1(b) shows a plot of log J vs V1/2, and the linear relation can be seen in the plot at higher voltage. By extrapolating 
straight lines to the ordinal points, J0 were determined. From J0, the barrier height at the interface ĳB can be deduced 
using the Richardson equation [19] 
                                                              
where A* is the effective Richardson constant. The relationship between ln J0/T 2 and 1/T is plotted, as shown in 
inset of Fig. 1(b). From the slope of this extrapolated line, the barrier height can be deduced to be 0.61eV for the 
hole injection.
3.2 Electron dominated device 
In order to investigate the electron injection from the cathode to the organic layer, electron dominated device 
with a structure of AlLi (10 nm)/mixed single layer (150 nm)/AlLi (10 nm) was fabricated. Figure 2(a) shows the 
typical J-V curves under different temperature. 
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Fig.2 (a) J–V characteristics of electron dominated device (AlLi as cathode) under different temperature. (b) Relationship between ln J and V 1/2 
of electron dominated device. Dot lines are fitted by Schottky thermal emission mechanism. The inset shows the relationship between ln J 0/T 2 
and 1/T. 
 
 The temperature dependence of the J–V curves in electron dominated devices was also observed. As in a similar 
manner for the case of hole injection, we have analyzed the J–V characteristics of the electron-dominated devices on 
the basis of Schottky thermal emission models. As shown in Fig. 2(b), the barrier height at the AlLi/active layer 
interface was obtained to be 0.78eV. 
From above results, it was obvious that the barrier height was not equal to the difference between the work 
function of electrodes and HOMO or LUMO of organic materials in both case of hole dominated and electron 
dominated devices. Actually, barrier height of metal/active layer was depends on not only the work function of the 
metal but also the interfacial conditions. Therefore, the investigation of interface conditions, such as interfacial state 
is important for further understanding of carrier injection mechanism in bulk heterojunction OSCs. For investigating 
these effects, other Al alloys with lower work function of AlNd (3.2 eV) and AlMg (3.6 eV) were used as injection 
cathodes and the Schottky barrier height between metal/mixed single layer was experimentally estimated. Similarly, 
the temperature dependence of the J–V curves were both observed in these two electron dominated devices. By  
fitting using Schottky thermal emission mechanism, the barrier height at the cathode/active layer interface was 
)1(),
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obtained to be 0.83 eV and 0.92 eV corresponding to AlNd and AlMg electrodes, respectively. The typical 
analyzing results are shown in Fig. 3(a) and 3(b). 
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Fig.3 (a) Relationship between ln J and V 1/2 of electron dominated device (AlNd as cathode) under different temperature. The dot lines are fitted 
by Schottky thermal emission mechanism. The inset shows the relationship between ln J 0/T 2 and 1/T.  (b) Relationship between ln J and V 1/2 of 
electron dominated device (AlMg as cathode) under different temperature. The dot lines are fitted by Schottky thermal emission mechanism. The 
inset shows the relationship between ln J 0/T 2 and 1/T. 
 
For comparison, the carrier injection mechanism and barrier height were also investigated under dark conditions. 
The barrier height at the Al alloys/active layer interface under photo and dark conditions are shown in Table 1. It 
can be seen that the barrier heights for all electron dominated devices under dark condition were agreed with that 
under air mass (AM) 1.5 illuminations within the standard errors. This is easily understood because the barrier 
conditions is just related the materials themselves and interfacial conditions such as work functions of electrodes and 
energy level of organic materials, while not affected by external factors such as sunlight illumination or not.  
Table 1 Barrier height at Al alloy/P3HT: PCBM interface under illumination and dark conditions 
 
                                                     Al alloy                                       Barrier height (Error) (eV)  
                                                          Photo                Dark        
                 AlLi                     0.78 (±0.08)       0.81 (±0.10) 
AlNd                    0.83 (±0.06)       0.87 (±0.11)  
                                        AlMg                                     0.92 (±0.08)       1.01 (±0.12) 
 
Figure 4 shows the relationship between Schottky barrier height of Al (alloy)/active layer and work function of 
Al alloys. 
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Fig.4   Relationship between Schottky barrier height at Al alloys/active layer and work function of Al alloys under illumination and dark 
conditions.  
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 Actually, the relationship between Schottky barrier height and work function of metal can be expressed as [19] 
 
 
 
 
where, į is the thickness of interfacial layer, Ds the interface state density. From Fig. 4, barrier height and work 
function of metal exhibits a good linear relationship between them. The slope of ĳB vs ĳMetal was obtained to be 0.20 
and 0.29 corresponding to sunlight illumination and dark conditions, respectively. Assuming a permittivity of the 
interfacial layer İi, of 3İ0, and thickness of the interfacial layer G of 0.5 nm, the interface state density Ds of 1.4×1014 
states/cm2/eV and 3.2×1014 states/cm2/eV were obtained at Al (alloy)/active layer interfaces corresponding to 
sunlight illumination and dark conditions, respectively. Actually, surface-state charge at interface and space charge 
in organic layer will be created when the active layer is contacted with metal because of the polarization in organic 
molecules. Importantly, the interfacial conditions will be determined by the redistribution of these charges. The 
detailed effects of interfacial conditions on device performance are not completely understood and further 
investigation is necessary in the future.  
4. Conclusions 
In summary, we had studied the carrier injection characteristics in P3HT: PCBM bulk heterojunction structures 
under sunlight illumination. The temperature dependence of J –V characteristics shows that both hole and electron 
injections were both the Schottky thermionic emission mechanism. The barrier height of metal/active layer interface 
was depends on not only the work function of the metal, but also the interfacial conditions. The interfacial state at Al 
alloys/ P3HT: PCBM interface was estimated to be 1.4×1014 states/cm2/eV under sunlight illumination condition by 
extrapolating the relation of electron barrier heights and work functions using different Al alloys. 
References 

[1] M. A. Green, Third Generation Photovoltaics: Advanced Solar Electricity Generation, Springer, Berlin, 2000. 
[2] E. A. Alsema, Progress in Photovoltaics 8 (2000) 17. 
[3] W. L. Ma, C. Y. Yang, X. Gong, K. Lee, and A. J. Heeger, Adv. Funct. Mater. 15 (2005)1617. 
[4] M. Reyes-Reyes, K. Kim, and D. L. Carroll, Appl. Phys. Lett. 87 (2005) 083506. 
[5] L. M. Chen, Z. R. Hong, G. Li, and Y. Yang, Adv. Mater. 21(2009) 1434. 
[6] J. Y. Kim, K. Lee, N. E. Coates, D. Moses, T. Q. Nguyen, M. Dante, andA. J. Heeger, Science 317 (2007) 222. 
[7] A. Shah, P. Torres, R. Tscharmer, N. Wyrsch and Keppner, Science 285 (1999) 692. 
[8] G. Yu, J. Gao, J. C. Hummelen, F. Wudl, A. J. Heeger, Science 270 (1995)1789. 
[9] W. L. Ma, C. Y. Yang, X. Gong, K. H. Lee,A. J. Heeger, Adv. Funct. Mater. 15 (2005) 1617. 
[10] H. Chen, J. Hou, Nature Photonics 3 (2009) 649. 
[11] Y. Liang,  Z. Xu,  J. Xia, Adv. Mater. 22 (2010) 1. 
[12] S. Sista, M.-H. Park, Z. Hong, Y. Wu, J. Hou, W. L. Kwan, G. Li, and Y. Yang, Adv. Mater. 22 (2010) 380. 
[13] Y. Y. Liang, Adv. Mater. 22 (2010) E135. 
[14] G. Dennler,Adv. Mater. 21 (2009)1323.  
[15] N. D. Nguyen, Phys. Review B 75 (2007) 075307. 
[16] S. Khodabakhsh, B. M. Sanderson, J. Nelson, T. S. Jones, Adv. Funct. Mater. 16 (2006) 95. 
[17] D.W. Zhao, X.W. Sun, C.Y. Jiang, A.K.K. Kyaw, G.Q. Lo and D.L. Kwong, Appl. Phys. Lett. 93 (2008) 
083305 
[18] J. Y. Kim, S. H. Kim, H. H. Lee, K. Lee, W. Ma, X. Gong, and A. J. Heeger, Adv. Mater. 18 (2006) 572. 
[19] S.M. Sze, Physics of Semiconductor Devices, 2nd edn, Wiley, New York, 1981. 
 
)3(,C
Dq Metalsi
i
B  MGH
HM
